Introduction
The insect immune response comprises cellular and humoral events. The former involves hemocytes, which efficiently phagocytose most microorganisms. Larger pathogens such as parasitoid wasp eggs are encapsulated by blood cells and melanin. In contrast, infecting microorganisms activate a humoral immune response. This consists of proteins involved in clotting, melanisation and synthesis of antimicrobial peptides (AMPs). In the well-known insect model Drosophila melanogaster, two pathways recognize different classes of pathogens and activate expression of antimicrobial peptide genes. In general, the Toll pathway usually responds to Gram-positive and fungal infections, while the Imd pathway recognizes Gram-negative bacteria [1] . The structural basis for distinguishing between Gram-positive and Gram-negative bacteria is a cell wall constituent, peptidoglycan. The Toll pathway is mainly triggered by lysine-type peptidoglycan, while the Imd pathway is activated upon recognition of diaminopimelic acid-containing peptidoglycan (DAP-type) [2] . In the case of fungi, b-glucan serves as a PAMP (pathogen-associated molecular pattern) [3] . The Toll and Imd pathways both activate transcription factors, Dif and Relish, respectively, which are homologs of mammalian NF-kB. In response insect fat body synthesises and releases into the hemolymph peptides with antimicrobial properties. Insect defence peptides possess distinct activities directed against bacteria and fungi. Many antimicrobial peptides and other immunerelated proteins have also been described in the greater wax moth Galleria mellonella [4] [5] [6] [7] [8] [9] [10] [11] . This insect model is widely used for studies concerning different aspects of host-pathogen interactions [12] [13] [14] [15] [16] [17] [18] .
Bacillus thuringiensis is a Gram-positive bacteria commonly found in soil and many other sources. Interestingly, its cell wall contains DAP-type peptidoglycan, typical for Gram-negative bacteria. B. thuringiensis is well known for its insecticidal activity. During spore formation it produces crystallized d-endotoxins (Cry-toxins), which cause the formation of pores in the insect midgut. Unusually, death of G. mellonella following infection with B. thuringiensis is caused by invasion of the bacteria into the hemocel (septicemia) rather than by the toxin itself (toxicemia) [19, 20] . To date. we have not been able to explain, in detail, all of the mechanisms that contribute to B. thuringiensis pathogenicity. However, it is known that this pathogen is very resistant to many classes of antimicrobial peptides synthesized by different insects [21, 22] .
Heat shock proteins belonging to the Hsp90 family are the most abundant molecular chaperones. They constitute 1-2% of the total cellular proteins. Under optimal growth conditions, they maintain other proteins in a conformational-competent state. Protein kinases: Src, Raf, Akt, Her2, Abl; transcription factor Hsf-1 and p53; translation factors: eIF2a, eIF4F and many other proteins are among Hsp90 "clients" [23] . This means that Hsp90 plays an important role in signal transduction events in the cell.
Previously we identified a role for Hsp90 in the insect immune response under heat-shock conditions [24] . This observation raised the question whether Hsp90 plays any physiological role in the insect resistance to infection with entomopathogenic bacteria such as B. thuringiensis under non-heat shock conditions. One pharmaceutical widely used to study Hsp90 function is a geldanamycin-derivative, 17-DMAG (17-N,N-dimethyl ethylene diamine-geldanamycin). This plasmapermeable compound competitively binds to the ATP binding site in Hsp90, preventing its proper functioning as a chaperon. After binding, 17-DMAG then causes disconnection of Hsp90-associated proteins, often leading to their degradation [25] . In the present paper, we show that pre-treatment of G. mellonella larvae with a specific Hsp90-binding compound influences the defence capacity of infected insects resulting in changes in their survival rates.
Experimental Procedures

Insects, infection, and survival experiments
G. mellonella (Lepidoptera: Pyralidae) larvae were reared on honeybee nest debris at 28°C in the dark. Last instar larvae of about 200 mg weight were used for infection. Bacteria to be injected (Bacillus thuringiensis kurstaki HD1, Scientific Research Institute of Plant Protection Methods, Kishinev, Moldova) were pregrown in LB medium (1% bactotryptone, 1% NaCl, 0.5% yeast extract) at 37°C with shaking. Afterwards, the culture consisting of vegetative cells, was diluted to the respective density (about 5x10 3 cells in 5 µl) and injected into the larval hemocel.
When testing the effect of 17-DMAG (17-N,N-dimethyl-ethylene-diamine-geldanamycin), 0.7 nmoles of this compound dissolved in water was injected in a volume of 5 µl, 20 minutes before infection. Other larvae were injected with apyrogenic water. For the survival test, the number of living, infected larvae was counted at the indicated time-points. In order to compare two means of survival, statistical analysis was performed using the χ 2 test and significance (*) was established at P<0.05.
Preparation of cell-free hemolymph
To obtain hemolymph, the larvae were cooled down, surface sterilized, and injured with a sterile needle. The hemolymph was sampled in Eppendorf tubes containing crystals of phenylthiourea to prevent melanisation. The samples were centrifuged (200xg, 5 min, 4°C) and the supernatant was centrifuged again (20000xg, 15 min, 4°C). The cell-free hemolymph was kept at -20°C until further use.
Isolation of fat body, preparation of protein extracts, and western-immunoblotting
The larvae were cooled down and sterilized in 70% ethanol. The fat body was isolated using ice-cold Ringer's solution (172 mM KCl, 68 mM NaCl, 5 mM NaHCO 3 , pH 6.1, osmolarity 420 mOsm; all the ingredients were of cell-culture grade). The isolated fat bodies were transferred to Eppendorf tubes containing Ringer's solution. The liquid was then removed and the organs frozen in liquid nitrogen. The isolated fat bodies were kept at -20°C. In order to obtain protein extracts, the fat bodies were thawed on ice and taken up in ice-cold lysis buffer: 50 mM Tris-HCl pH 7.5, 1% deoxycholate sodium salt, 1% Triton X-100, 0.1% SDS, 50 mM NaF, 5 mM Na pyrophosphate, 0.1 mM sodium orthovanadate, 1 mM PMSF, protease inhibitor mix: a-complete (Roche, 400 µl per 10 ml of buffer) and broken using Pellet Pestle Mixer (Sigma). The samples were then centrifuged 20000xg, 15 min. The whole procedure was performed at 4°C. Protein concentration was estimated using the Bradford method [26] . For western-immunoblotting, samples containing 20 µg of total protein, were resolved on 10% SDS gels according to the Laemmli procedure [27] . The gels were electroblotted onto PVDF membrane (Millipore, Bedford, USA) and probed with primary anti-Hsp90 antibodies recognizing both a and b isoforms of human Hsp90 (Abcam, 1:500), and then with horseradish peroxidase-conjugated rabbit anti-rat antibodies (1:15000, Abcam). Immune complexes were visualized using an enhanced chemiluminescence system (New England Biolabs, Beverly, MA USA) according to the manufacturer's specification. The densitometric analysis of the bands was performed using a Quantity One computer imaging system (BioRad, Hercules, CA, USA). The data are presented as means ± standard deviation (SD). The statistical analysis was performed by Student's t-test and significance was established at P<0.05.
Determination of defence activity in the hemolymph of Galleria mellonella larvae
The antibacterial activity of the cell-free hemolymph was determined by an inhibition zone assay. The streptomycin-resistant E. coli strain D31 (CGSC5165) obtained from the E. coli genetic stock centre, New Haven, CT [28] was used for preparation of the plates as described [29] . Hemolymph samples of an equal total protein concentration in a volume of 5 µl were applied to the plates. The results were quantified according to Hultmark [30] and cecropin B (Sigma, St. Louis MO) was used as a standard.
Lysozyme activity in the hemocyte-free hemolymph was detected using a diffusion assay on agarose plates containing Soerensen buffer (0.066 M KH 2 PO 4 , 0.066 M Na 2 HPO 4, pH 6.4) and freeze-dried Micrococcus luteus (Sigma). Samples containing cell-free hemolymph were applied to the plates and incubated at 28°C for 18 h. Lysozyme activity was measured as a zone of digested M. luteus peptidoglycan and quantified using a standard curve made with EWL (Egg White Lysozyme, Sigma) according to Mohring and Messner [31] . The activity expressed as an EWL equivalent (µg/ml) was recalculated as a relative value to its activity in nontreated animals.
Antifungal activity was determined using the yeast Saccharomyces cerevisiae W303, pre-grown overnight at 37°C in MEA medium (0.1% yeast extract, 0.2% glucose, 0.05% peptone). The culture was diluted and incubated with hemocyte-free hemolymph for 2 hours as described in [24] . After incubation, the number of CFU (Colony Forming Units) was counted and the antifungal activity of the hemolymph was quantified. The number of yeast CFU incubated with the control hemolymph (not immunologically active) was taken as 100% (0% antifungal activity). More details are provided in [24] . The statistical analysis comparing two values of hemolymph activity from the 17-DMAG treated or non-treated larvae at each time point was performed using Student's t-test. Significance (*) was established at P<0.05.
Bioautography
Polypeptide antibacterial activity in situ after SDS gel electrophoresis was detected according to [32] . Hemolymph proteins (150 µg) were loaded on 10% gels and electrophoresis was performed according to the Laemmli procedure [27] . After protein renaturation, the gel was overlaid with E. coli D31 in nutrient agar containing lysozyme (2.5 mg/ml) to increase the sensitivity of the method. For gel image acquisition, documentation, and quantification, a video image analyzer Gel Doc 2000 (Bio Rad) was used. The relative spot density was measured using a Quantity One computer imaging system (BioRad, Hercules, CA, USA). The data are presented as means ± standard deviation (SD). The statistical analysis was performed using Student's t-test and significance was established at P<0.05.
Tricine-SDSpolyacrylamide gel electrophoresis
In order to separate polypeptides of molecular weight below 10 kDa, electrophoresis was performed on 16.5% T, 6% C separating gel with "spacer" 10% T, 3% C and stacking gel 4% T, 3% C. The conditions for sample preparation, electrophoresis, fixing and staining were as described in [33] . Chloroform extracts of hemolymph were made as described before [24] . The protein concentration in prepared hemolymph extracts was measured and loading buffer was added to samples containing 20 µg of protein. Molecular weight standards were as follows: bovine insulin B chain, oxidized -3.49 kDa, bovine pancreas aprotinin -6.5 kDa, hen egg white lysozyme -14.4 kDa.
Results
In order to follow the level of Hsp90 in the fat bodies of G. mellonella larvae after infection with B. thuringiensis, we used antibodies directed against Hsp90. Injection of entomopathogenic B. thuringiensis cells caused an increase in the Hsp90 level in larval fat bodies reaching approx. 2-fold higher levels 1.5 hour after the infection. However, 3 hours after the infection, the amount of this protein decreased slightly below the control level ( Figure 1) .
It is known that the appearance of inducible antimicrobial activity in insect hemolymph (detectable about a few hours after infection) is a result of earlier events taking place after intruder recognition. To further examine the role of Hsp90, we pre-treated insect larvae with the plasma permeable, Hsp90-binding compound, 17-DMAG (17-N,N-dimethyl-ethylene-diamine-geldanamycin), twenty minutes before B. thuringiensis injection. The 20 min pre-incubation time allowed the compound to be distributed thorough the insect body and to bind to its potential targets [24] . The chemical was injected into the larval hemocel as described in section 2.1. We studied the defence activities in the hemolymph of the infected larvae and observed that antibacterial activity was higher in the larvae injected with 17-DMAG, compared to those injected with water (the same water in which 17-DMAG was diluted). As is shown in Figure  2A , at 5 and 8 hours post infection the antibacterial activity was 1.4 and 1.7-fold higher, respectively, in the larvae injected with 17-DMAG. As in the case of anti-E. coli activity, the larvae treated with the Hsp90-binding compound showed higher lysozyme activity in comparison to the control animals. This difference was not noticeable 3 hours after infection but at 5 and 8 hours post infection activity was 1.3 and 1.6-fold higher, respectively, in the larvae treated with 17-DMAG compared to animals not treated with the compound. It is worth noting that the effect of 17-DMAG treatment on both antibacterial and lysozyme activity became more pronounced as the infection developed. Anti-fungal activity was more than twice as high in the larvae treated with 17-DMAG 3 hours post infection, while the difference was lower at 5 and 8 hours post-infection. Importantly, 17-DMAG had no effect on the growth of B. thuringiensis at 28°C and did not cause an inhibition growth zones when applied to plates with E. coli (data not shown).
The impact of 17-DMAG on the defence activity of whole hemolymph in the infected larvae was also confirmed by testing the antibacterial activity of peptides in situ after electrophoretic separation of the hemolymph proteins collected at later time-points postinfection. Bioautography was performed as described in section 2.5. Briefly, after protein separation on 10% SDS-polyacrylamide gels and subsequent protein renaturation, the gel was overlaid with E. coli in nutrient agar. As seen in Figure 2B , growth inhibition zones, observed only in immunized larvae, were seen at the bottom of the gel, below the 10 kDa marker, at the same position as the zone caused by cecropin B (3.8 kDa). These zones, reflecting the activity of AMPs, were evident in the hemolymph of the larvae 12 hours after B. thuringiensis infection ( Figure 2B , the second line) and were very weak 16 hours after infection (the fourth line). This is probably due to virulence mechanisms of the entomopathogen at a time-point when the animals are very weak due to advanced septicemia. Furthermore, the inhibition zone was wider when the larvae were treated with 17-DMAG. This difference was evident 12 hours after infection and became more pronounced at 16 hours ( Figure 2B , compare the second line with the third line, and the fourth line with the fifth). This result not only confirms that the defence activity is higher in 17-DMAG treated animals, but also shows that this enhanced activity of whole hemolymph is caused by insect antimicrobial peptides. Secondly, the antibacterial activity of hemolymph decreased as infection with B. thuringiensis developed however it was higher in the larvae treated with 17-DMAG.
The observed differences in the activities of antimicrobial peptides 16 hours after infection, were correlated with the presence of peptides in the larval hemolymph. As seen on the stained gel after Tricine-SDS-polyacrylamide gel electrophoresis of hemolymph extracts (performed as described in 2.6 Section), the presence of peptides below the 6.5 kDa marker was clearly visible in larvae pre-treated with 17-DMAG prior to infection (indicated by arrows). In the hemolymph of larvae not injected with 17-DMAG, these peptides were not visible ( Figure 2D) .
The results presented above show that pre-treatment of animals with Hsp90-binding 17-DMAG enhanced defence activity in the cell-free hemolymph of the infected larvae. The question arising is whether this effect would influence insect survival rates after infection. We noticed that treatment of larvae with 17-DMAG prior to infection Figure 1 . Detection of Hsp90 protein in the fat bodies of larvae infected with B. thuringiensis. Twenty micrograms of protein were loaded on the gel and westernimmunoblotting was performed as described in section 2.3. The band corresponding to Hsp90 is indicated by an arrow and its densitometric analysis in all samples in relation to the control is shown (+/-SD). The westernimmunoblotting was performed 3 times and an average experiment is presented. At all time-points tested, differences with respect to the control sample from the non-infected larvae (time 0) were significant (P<0.05).
prolonged the survival rate of the infected G. mellonella larvae. For example, 50% mortality of larvae pre-treated with water (as a control) was observed 13-14 hours after infection, while treatment with 17-DMAG caused 50% mortality at 17 hours post-infection (Figure 3) . 100% mortality was observed 10 hours later in the case of larvae treated with 17-DMAG.
Discussion
Bacillus thuringiensis is a spore-forming invertebrate pathogen that is widely exploited in management of biological pesticides. It also serves as a source of genetic traits for construction of transgenic plants to enhance their resistance to pests [34] . The greater wax moth t 12 and B.t 16, respectively) . The infected larvae were either treated (+) or not (-) with 17-DMAG (injected with water). 0.7 µg of synthetic Cecropin B was also loaded (Cec B). After the run, the resolved proteins were renaturated and the gel was overlaid with E. coli in nutrient agar as described in section 2.5. The observed growth inhibition zones reflect the activity of antimicrobial peptides. One hundred and fifty micrograms of hemolymph proteins were loaded on the gel. (C) Separation of hemolymph polypeptides by Tricine-SDS-polyacrylamide gel electrophoresis. Chloroform extracts of the hemolymph were obtained to get rid of high-molecular weight proteins as described in section 2.6. Twenty micrograms of proteins were resolved on the gel. Molecular weight standards were also loaded (m). The hemolymph tested was obtained from animals treated with 17-DMAG (+) or water as a control (-) before infection with B. thuringiensis. Hemolymph was collected 16 hours after bacteria injection. Stained peptides visible only in 17-DMAG treated larvae are indicated by arrows.
Galleria mellonella is an insect model widely used to test pathogenicity of many microorganisms and study the biochemical mechanisms of insect immunity. Bacteria entering the hemocel induce defence mechanisms of the host. Many immune-relevant genes and proteins have already been found in Galleria mellonella. For example, Seitz et al. [5] identified eleven genes significantly upregulated after immune challenge. Furthermore, many antimicrobial peptides have been identified. Many of these peptides, including cecropin, gallerimycin, galiomycin, and moricin-like peptides have been cloned [35] [36] [37] [38] . The presence of many proteins/peptides has also been shown in the hemolymph of immune-stimulated larvae [4, 8, 9, 39, 40] . It is important to take into consideration the fact that antimicrobial proteins and peptides act in concert to protect the host. For example, lysozyme and apolipophorin III were shown to act synergistically with antimicrobial peptides [7, 30] .
Studies concerning mammalian immunity revealed a role for Hsp90 in events such as presentation of antigen to T cells and activation of macrophages [41] [42] [43] . Little is known about the role of Hsp90 in the immune response of insects, which do not possess leukocyte-based adaptive immunity [44, 45] . Our results using pathogenic bacteria prompted us to conclude that heat-shock protein Hsp90 may be an important part of the insect immune system at optimal growth temperature. As it belongs to the so-called "stress proteins", its level increased following infection with B. thuringiensis. The increase in the level of this protein was seen 30-90 min after B. thuringiensis injection and dropped slightly below the control level after 3 hours. Whether the observed drop in the level of Hsp90 at the 3-hour time-point is a consequence of proteolytical activity of bacterial extracellular enzymes (as virulence factors) directed against immune-relevant proteins of the host, remains to be determined. In our studies we used plasma permeable 17-DMAG, the compound widely used in Hsp90 research. This compound was introduced to the larval body before B. thuringiensis cells were injected. We observed higher defence activities, mostly anti-E. coli and lysozyme in the larvae treated with 17-DMAG prior to infection, in comparison to the control larvae. The difference increased as infection progressed. We show that the higher anti-E. coli activity in total hemolymph was caused by higher antimicrobial activity of peptides below 10 kDa. This was due to the higher amount of peptides detected in 17-DMAG-treated animals. The physiological significance of the presented observations was highlighted by the fact that larvae pre-treated with the Hsp90-binding compound showed prolonged survival rates after infection with B. thuringiensis.
As previously mentioned, binding of 17-DMAG to Hsp90 causes disconnection of chaperone-associated proteins. Interestingly, one of the proteins that binds to Hsp90 is the transcription factor Hsf-1. This protein is known to be activated under heat-shock or general stress conditions. These conditions cause dissociation of Hsf-1 from non-active complex with Hsp90 (which binds to denatured proteins), allowing transcription of stressrelated genes [46] . Binding of 17-DMAG to Hsp90 would to a certain extent "mimic" the heat shock. Indeed studies currently ongoing in our laboratory indicate enhanced resistance of infected G. mellonella exposed to heatshock conditions ( [47] and unpublished observations). Looking from the perspective of the evolution of the immune system, it is known that Hsp90 via Hsf-1 plays an important role in the immune response of some invertebrates. In the nematode C. elegants, which does not have an NF-kB-like factor, the transcription factor Hsf-1, regulates the expression of some genes encoding defence proteins/peptides. In this organism heat shock causes release of Hsf-1 from Hsp90, which initiates transcription of antimicrobial peptide genes [48, 49] . We know that insects possess factor(s) belonging to the NF-kB family that initiate transcription of AMP genes after infection. However, we did not detect enhanced transcription of genes encoding antimicrobial peptides in infected animals treated with 17-DMAG in comparison to untreated with the compound. Nevertheless our findings concerning the effect of 17-DMAG on the resistance of Galleria mellonella to infection may point to some role for Hsp90 in the innate immune response of insects. It is In each experiment, 20-30 larvae were used for each group. Statistically significant differences (P<0.05) in the survival rate of larvae treated with 17-DMAG with respect to larvae not treated with the inhibitor were calculated using the χ 2 test, and couples where the difference was significant (P<0.05) are marked (*).
possible that Hsp90, via Hsf-1, regulates the expression of immune-relevant proteins. These proteins may further enhance the translation of antimicrobial peptides or may regulate the duration of their presence in the hemolymph [50] [51] [52] . It is worth mentioning that in mammalian cells Hsf-1 was shown to influence some aspects of immune reactions [53, 54] .
This short report clearly shows the effect of a Hsp90-binding compound on the immune response of infected wax moths. It also notes that future more detailed studies are necessary to discover a detailed role of Hsp90 in the innate immune response.
